Nowadays it is necessary to perform experimental measurements to compare with numerical calculations. In this study we focus on different aqueous solutions which are tested to obtain in the same time a rheological blood like fluid and particular optical properties for laser measurements (particle image velocimetry (PIV) or laser Doppler velocimetry (LDV)). Using viscometric tests we show that the non Newtonian behavior of blood is reached by adding xanthan gum in aqueous glycerol and aqueous potassium thiocyanate solutions. Optical properties are directly achieved by modifying glycerol or thiocyanate potassium concentrations. Indeed we proove using refractometric measurements that the addition of xanthan gum does not affect the value of the refractive indexes. Finally, we can prepare an optical blood like fluid adapted to cardiovascular studies by adjusting the proportion of the different components.
INTRODUCTION
The mechanical studies on the pathological cardiovascular flow are increasingly more numerous. The comparison between the blood flow disturbances and the pathogenic response of the parietal cellular components encourages increasing research in the cardiovascular field. The stenosis, the anastomosis, the intracardiac flow or flow through medical devices are usually studied using a fluid mechanical analysis. The numerical studies are currently more frequent than the experimental investigations. The experimentation however remains necessary in order to validate the results issuing from computational fluid dynamic (CFD). The numerical studies tend to model the physiological characteristics of the biological flow using realistic geometry and accurate blood flow conditions (3D reconstruction from medical images, pulsatile conditions, fluid structure interaction or implementation of a rheological behavior).
It is thus necessary to experimentally reproduce the CFD condition in order to fully validate the CFD results and to propose alternative data. For that purpose, the geometries must be reproduced in transparency materials (glass, silicon, PMMA, …) and the experiments require a fluid adapted to the physiological objectives. The definition of an adapted blood analog fluid is more complex than the generation of a physiological rigid or soft model. The experimental fluid most usually used is composed of a mixture of water and glycerol (40 volumes of glycerol for 60 volumes of water). The glycerol has advantages (perfectly transparent, colourless, non toxic and easily soluble) but also some limitations. This fluid has a constant dynamic viscosity independent of the flow conditions (m = 3.7 mPa·s for a 40 vol% mixture) and its refraction index (n = 1.38) remains generally lower than the refractive index of the model constituent (n glass = 1.5, n silicon = 1.44-1.52, n PMMA = 1.49). The real rheological blood behaviour differs from a simple linear relation between the dynamic viscosity and the shear rate and it is clear that blood rheology influences the flow through cardiovascular devices or vessels substantially [1] .
Physiological data indicate that blood can coarsely be regarded as a diphasic mixture of red blood cell (RBC) in a plasmatic liquid. The behavior of the RBC induces a nonlinear relation between the dynamic viscosity and the shear rate in the blood suspension. A microscopic analysis indicates that for a high shear rate (g · > 200 s -1 ) the RBCs behave like individual particles with a lengthened form with no surface changes. This RBC distribution allows viscosity reduction with the shear rate increase down to a minimal viscosity value. For shear rate lower than 10 s -1 the RBC will aggregate and increase blood viscosity. For shear rate even low (g · <1 s -1 ), the RBC are organized in three-dimensional rollers which generate a new viscosity increase [2] . Chien et al. [3] describe this steadystate shear thinning (or shear thickening) behavior with two viscous plates from measurements using a viscometer with coaxial cylinders. This viscosity plateaus mainly appears in the areas of high or low shear rate which correspond to the areas of interest for the analysis of cardiovascular flows. The low shear rate corresponds to the areas of cellular multiplication and of aggregation in the recirculation regions and the high shear rate are active on the haemolysis process and the cellular migration [4] . Viscosity will also directly influence the values of wall shear stress which contribute to the atherosclerosis and the restenosis formation [5, 6] . Each viscosity plateau appears essential for a realistic approach of the pathologies studied in biomedical engineering and the use of a fluid of constant viscosity becomes a strong assumption.
The second limitation of this mixture relates to its low refractive index which can generate optical refractions and diffractions. Particle Image Velocimetry and Laser Doppler Velocimetry are two reliable and regularly used laser measurement techniques. The plans or volumes of acquisition are light by fine laser sheets which cross various refractive indexes. The adaptation of the refractive index allows limiting the diffractions and the refractions effects due to the environmental changes in particular in cylindrical conduits current in vascular engineering [7] . Matching the refractive index allows to perfectly control the optical way and increase the accuracy of the wall measurements.
The determination and the characterization of a blood-like fluid has been the subject of several studies. Liepsch et al. [8] reports the construction of fluids with shear thinning behavior using an aqueous solution of polyacrylamide (Separan AP30 and AP35) at various concentrations. The same authors also modelled the diphasic nature of blood starting from a suspension of Dextran added with biconcave microcapsules. These solutions however present a plate of viscosity at null shear rate twice to three times lower than the experimental measurements of Chien et al. [3] . An aqueous xanthan gum solution added with glycerol was also tested by Brookshier and Tarbell [9] with convincing results as regards to the rheological behavior but no data on the refractive index of these solutions was introduced. Xanthan gum is a high molecular weight extracellular microbial polysaccharide and a small amount of gum will increase water's viscosity by a large factor (100) at low shear rate yet only by a small factor (10) at high shear rate [10] . The shear thinning character of blood can be approached by an adjunction of long deformable molecular chains which return to their initial shape after deformation. According to Gijsen et al. [11] the addition of xanthan gum to a diluted potassium thiocyanate solution makes it possible to obtain a blood like fluid with a refractive index identical to that of the PMMA.
The adaptation of the refractive index for the definition of an experimental fluid seems more complex although aqueous solutions of potassium thiocyanate (KSCN) present interesting optical properties. The refractive indexes of these mixtures range between 1.33 and 1.55 and cover the spectrum of the refractive indexes of materials generally used for the experimental model [12] . The oxidation of the aqueous solutions of potassium thiocyanate by contact with ambient oxygen is weak contrary to other optical fluids containing sodium iodide or ammonium thiocyanate which have a limited use in time under the conditions of laser illumination [13] . The complete study of this experimental fluid is not made in the article published by Gijsen et al. [11] but this publication opens an interesting field of investigation.
In this study we wished to supplement the available data on the aqueous glycerol added with xanthan gum and aqueous potassium thiocyanate added with xanthan gum solutions with a view to characterizing them by using viscosimetric and refractometric measurements. The purpose is to obtain an experimental fluid with a steady-state rheological behavior close to Chien's results [3] and a refractive index of about 1.44-1.49. These results will be used for the definition of an experimental fluid which could be used in future research in the biomedical engineering field.
METHODS
Mixtures of variable concentrations were realized for quantities of 50 ml ( Table 1 ). The xanthan gum is a powder Rhodigel Clear 200 (Rhodia food, Melle, France) and this reference has the advantage of being perfectly transparent in solution.
The gum was hydrated with distilled water for 24 hours in order to firstly avoid the use of a mechanical mixer which could have destroyed the macromolecule chains and deteriorated the gum properties and secondly in order to avoid the formation of aggregates.
The rheological tests consist in realizing a simple shear flow between two solid surfaces which one rotates as the other is maintained fix. Measurements are performed using a Stresstech RM500 rheometer (Rheologica Instrument, Bordentown, USA) in imposed shear stress mode ie a torque is imposed to the rotating geometry and the fluid response is next measured with the corresponding rotating velocity. We use a smooth surface cone and plate geometry with a 40 mm diameter, 4° angle and a gap equal to 150 mm. Then twenty levels of apparent shear stress were applied step by step in a logarithmic way from 6·10 -3 to 1.6 Pa, in an increasing way first followed by a decreasing way which allowed an accurate determination of the low shear newtonian plateau. Manual adjustments of the rheometer resolution improve the quality and the precision of measurements in particular for the weakest shear. The measurement procedure consists in applying one period of constant shear over an established time of 20 seconds and by integrating the acquisition data over one 8 second period. Each mix is tested four times, two tests 24 hours after the solution preparation and two tests 96 hours afterwards. The measured fluid is 44251-3 Applied Rheology Volume 17 · Issue 4 maintained at constant temperature (T = 25 ± 0.01°C) by the circulation of a controlled external fluid (F30, Julabo Labortechnik Gmbh, Seelbach, Germany).
The refractive indexes in the visible range are determined by using the effect of total reflection. The standard Abbe refractometer with a Sodium light (l = 589 nm) was connected to a water bath with a temperature control unit to ensure a constant temperature setting (25 ± 0.01°C). We increased the sample number in order to obtain the refractive indexes for a large glycerol and potassium thiocyanate rate (glycerol range: 34 -52 vol%, potassium thiocyanate range: 5 -60 wt%). Each fluid sample is tested two times. The refractive indexes are dependent to the temperature and to the light wave-length but the testing conditions correspond to the future application of the experimental fluid (laser wavelength between 500 -542 nm and test room at 25°C).
RESULTS
Aqueous glycerol and potassium thiocyanate solutions are analyzed in a dedicated part with comments about the rheological and the refractometric results.
AQUEOUS GLYCEROL SOLUTION
It is noted first that the xanthan gum addition completely modifies the rheological behavior of the aqueous glycerol solution. The water-glycerol solution recognized as being a Newtonian fluid adopts a shear thinning behavior with two viscosity levels at the extremum shear rate values (see Figure 1 ). For high shear rate (higher than 200 -300 s -1 ), the mixtures at fixed glycerol rate converge towards a viscosity greater than the dynamic viscosity value of the suspending fluid without xanthan gum (maximal variation of 2.6, 3.2 and 4.1 mPa·s respectively for 20, 30 and 40 vol%) (see Table 2 ). The influence of gum is then moderate as the adjunction of 100 ppm of xanthan gum conduces to an increase of only 0.8, 0.9 and 1.5 mPa.s respectively for 20, 30 and 40 vol%. The influence of gum is more pronounced at low shear rate (g ·~ 1 s -1 ). The dynamic viscosities largely increase when molecular chains are added (maximal variation of 24.6, 34.2 and 61.5 mPa·s respectively for 20, 30 and 40 vol%). A small quantity of xanthan gum (100 ppm) produces an important variation of the dynamic viscosity value in particular at high glycerol rate (8, 14 and 34 mPa·s). We finally noticed that the measurable shear rate will widen due to a global
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Applied Rheology Volume 17 · Issue 4 increase of viscosity after the addition of xanthan gum or increase of the glycerol rate. Figure 2 introduces the refractive index variation versus the glycerol rate in the solution. The refractive index observes a linear evolution between the refractive index of pure water (n water = 1.33) and pure glycerol (n glycerol = 1.47). The xanthan gum has no influence on the refractive index value.
AQUEOUS POTASSIUM THIOCYANATE SOLUTION
Only the results concerning the highest rate of potassium thiocyanate concentration will be presented here. Figure 3 introduces the viscosimetric results for two potassium thiocyanate weight percentages (50 and 60 wt%) and interpolated curves based on a Cross modified model are purposed [11, 14, 15] : (1) where l is a time constant and a and b are two parameters linking up the maximum and minimum viscosity thresholds, all five parameters being numerically determined by Nonlinear Least Square Fitting (NLSF) interpolation. The aqueous potassium thiocyanate solutions initially Newtonian (see table 3 ) acquire a shear thinning behavior after the introduction of xanthan gum (see Figure 3 ). At infinite shear rate the potassium thiocyanate rate in the solution has no consequence on the viscosity as we noticed a constant level for a fixed quantity of xanthan gum (m = 3.4 and 4 mPa·s at respectively 200 and 300 ppm of xanthan gum). We expressed similar remarks at low shear rate (g · < 1 s -1 ) for which the evolution shape of the viscosity remains unchanged at a given xanthan gum concentration (m = 18 and 30 mPa·s at respectively 200 and 300 ppm of xanthan gum). We noticed that for shear rates higher than 250 s -1 , a slight increase in viscosity could be seen, which is generally attributed to the onset of secondary flow and instabilities at high shear rate in particular for low viscous fluids. The curve of variation of the refractive index is linear and 44251-5 Applied Rheology Volume 17 · Issue 4 confirms that the introduced quantity of xanthan gum does not affect the value of the refractive index of the final mixture (see Figure 4 ).
DISCUSSION
Aqueous glycerol and potassium thiocyanate solutions have both a Newtonian behavior whatever the concentration rate. Addition of a small amount of xanthan gum modifies the rheological properties. As mentioned by Harrison et al. [16] , the marked shear thinning behavior of xanthan gum solutions may be explained by the chain orientation or alignment of microstructures with the flow direction, thus reducing the local drag. Aggregation of the xanthan gum chain exists at rest and at low shear rate. On shearing the alignment with the flow becomes more complete and the shear rate decrease further. Use of xanthan gum seems to be an efficient choice ordering to model the shear thinning properties of blood. The figure 5 introduces the viscosimetric results for the 40 vol% of glycerol and the 60 wt% of potassium thiocyanate which constitute the more suitable experimental fluid compare to the Chien et al. [3] experimental data. The experimental results of the potassium thiocyanate solution at a 60 wt% concentration are in agreement with those of Gijsen et al. [11] which had used a potassium thiocyanate concentration of 7 wt% added with 250 ppm of xanthan. As previously mentioned, the potassium thiocyanate mass has few effects on the viscosimetric results and consequently the agreement between the results is not surprising. On the other hand, our results allow us to complete the dynamic viscosity values at shear rate lower than 1 s -1 . According to our results, it appears ambitious to obtain an experimental fluid satisfying at the same time the blood viscosity at low and high shear rates. Viscosities of the mixture containing glycerol are satisfactory neither on the level of the viscosity's plateaus nor on the decreasing portion contrary to viscosities for potassium thiocyanate solution which perfectly match the Chien et al. [3] results for shear rates up to 1 s -1 . Potassium thiocyanate at 60 wt% (or 50 wt%) with 300 ppm of xanthan gum seems consequently efficient for most of the cardiovascular flow (shear rates between 0 to 400 s -1 ) despite of an underestimation of the viscosity values at low shear rate generally corresponding to the slow recirculating regions.
The xanthan gum does not affect the refractive index contrary to the rheological properties. The refractive index of the mix finally only depends on the nature of the suspending fluid. A refractive index of 1.44 -1.49 at 25°C is consequently hopeless to obtain from a water glycerol mixture (n = 1.36 for 40 vol%). The refractive index of silicon can be reached using a potassium thiocyanate solution (n = 1.44 for 60 wt%). On the other hand, the PMMA index can only be approached using a mixture of hydrated potassium since the most concentrated solution tested in this study presents a refractive index of 1.46 at 25°C but the deviation of a laser beam passing of an index n 1 (n 1 = 1.49 for PMMA) at an index n 2 (n 2 = 1.36 or 1.46 for respectively glycerol and potassium thiocyanate solutions) can be computed from the Snell-Descartes law for moderate incident angles. Theoretically, the angle between the incident laser sheet and the test section for accurate PIV measurement is 0° but small variations exist in practice. From the figure 6, we noticed that an incident beam variation of 1° led to an angular deviation three times more important with a mixture water glycerol solution at 40 vol% than with an aqueous potassium thiocyanate at 60 wt% (for a variation of 3° the deviation is then five times higher). Even if the refractive index of the potassium thiocyanate solution do not match the PMMA index the laser beam deviation constituting a source of error for PIV measurement [17] can be largely reduced in comparison to the classical water-glycerol mix. As recently mentioned by Nguyen et al. [18] , a control of the temperature of the experimental fluid allows a refractive index adaptation. By modifying the fluid temperature it is thus possible to
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Applied Rheology Volume 17 · Issue 4 obtain a refractive index strictly identical to that of the PMMA but an additional study needs to be realized in order to define the viscosimetric curves according to the temperature. In practice a precise regulation of the temperature (with ± 0.2°C according to Liu et al. [19] ) for large volumes is ambitious because the use of a mechanical pump in the test ring conduces to temperature elevations by frictional drags and then requires to limit the acquisition periods and to envisage times of heating down.
In all events, some practical limitations exist with these experimental blood analog fluids in particular for the test ring definition and applications using pulsatile conditions. The glycerol and the xanthan gum are non-toxic current products contrary to the potassium thiocyanate which can cause adverse effects on the respiratory and the nervous systems. The test loop must be completely closed for safety use but a mixture containing glycerol requires similar conditions of use in accordance with its water absorbent behaviour. Potassium thiocyanate also reacts with ferric ion and a deep coloration could appear, the whole of the screws and bolts of the test ring must consequently be made of aluminium. The system pump of the test ring needs to be carefully selected. The large deformations induced by a gear pump can deteriorate or destroy the molecular network of the xanthan gum and therefore conduce to lower dynamic viscosity values [20] .
The role of the deformations undergone before by the blood on its behavior is ignored in this study. The blood is a thixotropic fluid and shows both time and shear rate dependence. Application of a constant shear rate over time (t=2.5 s) alternate with short resting time (t = 1.5 s) for blood sample presents an overshoot at the first shearing due to an aggregation of the RBC in resting state but once this aggregation is destroyed the following shear rate overshoots decrease [8, 21] . The RBC can not reaggregate because Sharp et al. [1] precise that the characteristic red cell aggregation time is about 10 s. For a pulsatile flow, the cardiac period is ten times greater than the aggregation time. The RBCs have not enough time to fully reaggregate apart from the stagnation or the slow recirculating regions. The use of the experimental fluids defined in this study seems to be valid only in local areas of the flow, in particular near the walls where pathogenic flow disturbances can exist.
Blood suspension also exhibits viscoelastic behavior and has some ability to store and recover shear energy. The elastic RBCs are the primary structural element responsible for the blood viscoelasticity. RBC aggregation at low shear rate and RBC deformability at high shear rate are key factors in the viscoelasticity of blood [22] . The model used in this study thus reflects only imperfectly the physiological rheological behavior of blood. The glycerol and potassium thiocyanate solutions were not dynamically tested but the viscoelasticity of these solutions can only be assigned to the xanthan gum. A low concentration rate of xanthan gum (< 390 ppm) in aqueous glycerol generates low elastic characteristics [23] . According to Gijsen et al. [11] , the relation between the elasticity component and shear rate for a potassium thiocyanate solution added with 250 ppm of xanthan gum presents some difference regarding a blood sample but the range of value is similar. These authors compare laser Doppler anemometry and CFD results for steady flows in 3D arterial bifurcation. The viscoelasticity of the experimental fluid were not included in the numerical model but the comparisons between the numerical and experimental velocity profiles reveal good agreements. The authors conclude that the viscoelasticity of the potassium thiocyanate solution has no influence on velocity for a carotid bifurcation flow. Dutta and Tarbell [24] studied the influence of viscoelasticity of blood for unsteady flow in large artery and they concluded that a purely shear thinning model is realistic enough. Sharp et al. [1] also demonstrated that viscous and viscoelastic flow differences (velocity profiles and wall shear stress) were small (2 -3%) for unsteady circulation in femoral, aorta and coronary arteries. Consequently, an experimental elastic model of the blood suspension is obvious for vessel flow investigations but no data are available for ventricular flows.
CONCLUSION
Viscosimetrics and refractometrics measurements were realized for aqueous solutions of glycerol and potassium thiocyanate added with small xanthan gum quantities. Addition of 300 ppm of xanthan gum allows modifying the rheological properties of the solutions and is enough to obtain a macroscopic shear thinning behavior which can mimic the blood suspension at standard hematocrit rate. The light deviations for quantitative experiments based on laser measurements can be reduced by matching the refractive indexes between the experimental blood analog fluid and the cardiovascular model. The refractive index only depends on the concentration rate of the suspending fluid (no xanthan gum concentration dependence) and the viscous properties are more related to the xanthan gum amount than the suspending fluid constituents. Experimental fluids with refractive index adaptation and adequate shear thinning behavior can consequently be deduced from these results for cardiovascular model made of silicon or PMMA.
More investigations need to be realized in order to characterize the dynamic behavior of these experimental blood like fluids. The actual results are fully valid for steady state investigations although of the cardiovascular flows are pulsatile. But steady analyses are still frequent in biomedical literature and steady results are often comparable to an instantaneous snap of the pulsated flow in particular for blood flow circulation in vessels at moderate Womersley number.
